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ABSTRACT 
DETERMINING THE EFFECTIVE PG GRADE OF BINDER IN RAP MIXTURES 
by 
Steven James Hall 
University of New Hampshire, December, 2009 
This research project investigates methods to determine the 
effective PG grade of asphalt binder in a mixture containing Recycled Asphalt 
Pavement (RAP). Indirect Tensile (IDT) dynamic modulus and strength testing 
was done on mixtures containing 10% , 25% , 40% RAP and virgin mixtures with 
different PG grade binders. The Hirsch model was used to backcalculate binder 
shear modulus from the measured mixture dynamic modulus. The binder was 
recovered from these mixtures and graded according to SUPERPAVE criteria. 
These values were compared to the backcalculated binder shear modulus to 
estimate the effective PG grade. Results of this work show it is a promising 
method to estimate the effective PG grade, but it does not provide enough 
information to determine the actual continuous PG grade of mixtures. 
x 
CHAPTER 1 
INTRODUCTION AND LITERATURE REVIEW 
1.1 Introduction 
The purpose of this research project was to investigate the possibility of 
using available testing procedures to determine the effective Performance Grade 
(PG) grade of a mix containing Recycled Asphalt Pavement (RAP). RAP is one 
of the most commonly recycled materials in the United States. Asphalt 
pavements are complex mixtures, and the addition of RAP makes them more 
complex. Much research has been conducted on RAP and its properties, but 
how it affects the properties of a mix when added is not well understood. It is 
widely assumed that some mixing between the virgin and RAP binders occur, but 
the extent of that mixing is not well known. 
Most pavements are designed for a 20 year service life. During this time, 
oxidation of the binder will occur, stiffening it. When a pavement reaches the end 
of its service life, it is milled or removed, processed (crushed and sized) to 
produce RAP. makes them more complex. RAP aggregate is coated with RAP 
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binder, which is stiffer. When RAP is added to a mix, some of the aged RAP 
binder will liquefy and mix with the virgin binder, but extent of the process is 
unknown. When the stiffer RAP binder mixes with the virgin binder, the 
mechanical properties of the effective binder in the mix will be different from 
virgin or RAP binder alone. This poses potential problems since the mixture is 
designed to meet certain criteria including mechanical properties, and how these 
are changed is unknown. This project intended to address this issue by 
investigating methods to determine the effective PG grade of a mixture. 
One aspect of the Superior Performing Pavement (Superpave) program 
involves binder grading. Performance grade (PG) refers to a range of 
temperatures over which a binder will exhibit certain mechanical properties. The 
goal of performance grading of binders is to increase reliability of pavement 
design. Performance grading is based on the measured physical properties of 
the binder. The shear modulus and the phase angle of the binder are used to 
determine the PG grade of the binder. 
Researchers and engineers need a method to determine the effect of RAP 
on the mix properties. There is currently no way to directly measure the 
mechanical properties of the binder in RAP mixtures since extraction of binder 
will result in a fully blended binder condition. Using the Hirsch model, it is 
possible to measure the dynamic modulus of the mix and backcalculate the 
binder shear modulus. Quantifying the amount of mixing that occurs or a 
relationship between the binder stiffness and the PG grade is the goal of this 
project. 
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1.2 Literature Review 
The earliest noted use of Reclaimed or Recycled Asphalt Pavement (RAP) 
was in Texas in 1915, but it wasn't until the 1970's that many agencies began 
using RAP more often for projects. Several factors may have contributed to the 
increased use of RAP, including the rise of environmental awareness in the US 
as well as increased costs associated with crude oil. A study published by the 
National Cooperative Highway Research Program Synthesis of Highway Practice 
noted that in 1978, 41 states were recycling asphalt pavement to some degree 
(1)-
Recycling asphalt has rapidly gained popularity with state agencies for 
many reasons, including the high price of crude oil and subsequent cost of 
asphalt cement (ac). Another reason that RAP is gaining popularity is the ability 
to recycle quality aggregate, especially in locations where there is a shortage of 
virgin aggregate. The US produces 2 billion tons of aggregate annually and is 
expected to increase to 2.5 billion tons by 2020 (2). Additionally, the 
environmental benefits of recycling are well known; less material in landfills and 
reduced mining impact are examples. A goal of pavement engineers is to close 
the material loop, and build structurally sound roadways that are 100% recycled 
(2). 
A lot of research in recent years has focused on determining the amount 
of blending that occurs between the aged asphalt that is part of the RAP (RAP 
binder) and the virgin binder and how much of an impact the RAP binder has on 
the PG grade of the final product. 
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Originally there were two basic theories; that the RAP acts as a black rock 
and no blending of the RAP binder and the virgin binder occurs, or that total 
blending of the RAP binder and virgin binder takes place. Studies conducted to 
date have been mostly inconclusive regarding the extent of blending that takes 
place and this has led to discussion on the use of blending charts. NCHRP 9-12 
was a major nationally supported study led by Dr. Rebecca McDaniel and 
conducted at the North Central Superpave Center at Purdue University. The 
research team investigated several aspects regarding RAP and Superpave 
design guidelines. Some of the issues examined included the effects of the RAP 
binder from the RAP on the PG grading, how much blending occurs with virgin 
binder, and the effects on volumetrics and performance of the aggregate in the 
RAP. The study used RAP sources from Arizona, Connecticut, and Florida. This 
study found that RAP acts neither as a 'black rock', nor does total blending occur. 
The extent of blending that occurs though is still unknown. Results of the 
NCHRP study supports a tiered approach to RAP usage since at higher RAP 
percentages, the RAP binder has a greater effect. The research also 
demonstrated that at higher RAP contents, the mixture stiffens. This can affect 
the choice of virgin binder used in mix designs. A softer virgin binder will be 
needed at higher RAP contents to correct for the stiffer, aged RAP binder. (3) 
Another major study that investigated RAP binder properties was 
FHWA/IN/JRTP-2002/6 that continued the research began with the NCHRP 9-12 
study. This study was also conducted at the North Central Superpave Center at 
Purdue University and led by Dr. McDaniel. The goals were to widen the range 
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of RAP sources used in the NCHRP study and to specifically look at materials in 
the north central US, investigate higher proportions of RAP, and to examine how 
the RAP affects mix properties (4). Findings showed that Superpave mixes could 
be designed with up to 50% RAP content. The study also concluded that linear 
blending charts as presented in NCHRP 9-12 are acceptable for most RAP 
sources. The study agreed with results from NCHRP 9-12 in that a tiered 
approach to RAP design is acceptable, and when adding 20-25% RAP to a mix, 
the high temperature grade increased one increment. Finally the study showed 
that using RAP stiffens a mix, adding increased rutting resistance. (4) 
A study conducted at the Ohio State University in conjunction with Ohio 
Department of Transportation looked at RAP contents based on expected mix 
durability. The study showed that in general, the addition of RAP, affects the 
stiffness of the mix and the binder. Higher RAP contents also led to higher results 
in all tests. The study also showed a decrease in phase angle as the amount of 
binder recovered from RAP increased when mixed with virgin binder. Another 
result found that the values for the complex shear modulus and the fatigue 
cracking factor increase as the amount of RAP binder increases. (5) 
A study conducted by the University of Minnesota funded by the 
Minnesota Department of Transportation looked at classifying RAP stockpiles in 
Minnesota and developing a design procedure to be used by the Minnesota 
DOT. One method used was complex modulus testing in Indirect Tension (IDT) 
mode. One of the results they found was excess noise when tested at 
frequencies above 5 Hz. This is most likely an instrumentation or equipment 
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issue, at the University of New Hampshire the research team has achieved 
consistent results up to 20 Hz. Testing was also done to find the resilient 
modulus of the mixtures at various RAP contents. The study found that as RAP 
increased, the effect of the stiffer binder also led to increases in both the resilient 
and the complex modulus. (6) 
The Asphalt Pavement Association of Oregon performed a study that 
attempted to determine the asphalt content of RAP using volumetrics and 
specific gravity as opposed to traditional oven methods. This is very important 
with regards to determining the desired asphalt content of the mix. Unfortunately 
this study found that it was hard to consistently deliver accurate results and 
therefore should not be used in the field. (7) 
At the University of New Hampshire, the research team has been 
examining the properties of RAP and how RAP affects mix properties. A recent 
study is investigating the effects on the volumetric properties of adding RAP, as 
well as how the RAP changes the stiffness of the mixtures. Testing is conducted 
in both IDT mode and in uniaxial loading. Tests are performed over a range of 
both frequencies and temperatures. RAP contents of 0%, 15%, 25%, and 40% 
are used for the mix designs. Current results show that 15% RAP performs as 
expected, increased stiffness and lowered creep compliance. The higher levels 
of RAP had unexpected results. The results showed that the values of dynamic 
modulus and creep compliance were similar to the control mix. Some possible 
explanations are the higher VFA and VMA values which would soften the mix. 
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This will be investigated further as well as examining the results of the IDT mode 
and the uniaxial mode to confirm that both tests give the same results. (9) 
CHAPTER 2 
MATERIALS AND METHODS 
2.1 Materials 
2.1.1 Determination of Materials and Methods 
In May 2005, a teleconference was held with the NETC 04-4 technical 
committee members overseeing the project, and hosted at the FHWA office in 
Concord New Hampshire. At this meeting Joseph Varhue from the Connecticut 
Department of Transportation offered to provide virgin aggregate, RAP, and a 
mix design to be used for the project. The virgin aggregates were transported 
and stored in large sealable 55 gallon plastic barrels at the University of New 
Hampshire (UNH). 
One RAP source and four different PG graded binders were used in this 
study. The mix design used was a Superpave mix design from a resurfacing job 
in Newington Connecticut. This was a 10% RAP mixture that was then modified 
for the different RAP conditions. 
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2.1.2 Virgin Aggregates 
Virgin aggregates used in this project came from the Tilcon plant in 
Newington Connecticut. Ail aggregates were transported and stored in sealable 
plastic 55-gallon barrels. 
The coarse aggregate came from two different stockpiles, a 12.5 mm and 
9.5 mm, both stockpiles were from the Newington Connecticut quarry. The fine 
aggregates used in this project were also from two different stockpiles, a crushed 
stone sand from the Tilcon quarry in Wallingford Connecticut and natural sand 
from Tilcon in Manchester Connecticut. The coarse aggregate contains primarily 
the nominal maximum aggregate size (NMAS) while the fines come from the 
stone sand and natural sand. The typical gradation for the coarse aggregate can 
be seen in Table 2.1 while Table 2.2 shows the typical gradation for the stone 
sand and the natural sand. Figure 2.1 shows the gradation for all the 
aggregates. 
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Figure 2.1 Aggregate Gradation 
2.1.3 RAP 
The RAP used in this project comes from the Tilcon aggregate plant in 
Newington, Connecticut. Connecticut DOT procedures require the RAP to be 
processed. Processing consists of screening the RAP of foreign materials such 
as concrete and wood before it is crushed to meet the same NMAS as the mix. 
The main RAP stockpile was stored in 55 gallon plastic barrels, with a lab 
stockpile maintained in 5-gallon buckets in the lab. This RAP was first dried at a 
low temperature, 90 C, for approximately 4 hours. After drying, the RAP was 
then stored in the lab until it was needed for mixing. The typical extracted 
aggregate gradation of the RAP is shown in Table 2.3 and Figure 2.2. 
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Table 2.3 RAP Gradation 
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Figure 2.2 RAP Gradation 
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2.1.4 Virgin Binder 
The virgin binders used in this project came from several different 
sources. For the variable RAP specimens, a PG 64-28 binder from the Pike 
plant in Farmington NH was used. The specific gravity of this binder was 1.03 
Virgin mixtures were made using four different binder grades; PG 58-28, 
PG 64-28, PG 70-22, and PG 76-22. The PG 64-28 was the same binder used 
for the variable RAP specimens. The PG 58-22 binder was also from the 
Farmington Pike plant. The PG 70-22 binder came from Virginia, and the PG 76-
22 binder was from Rhode Island. 
The mixing temperature used for all specimens was 160-165 degrees 
Celsius. The compaction temperature for all specimens was between 152-157 
degrees Celsius. 
2.2 Methods 
2.2.1 Specimen Preparation 
The virgin aggregate was dried in large Freas convection ovens before 
being sieved. The aggregate was placed in pans and dried overnight. The dried 
aggregate was sieved using a standard set of sieve pans shown in Table 2.15 
and then stored in 5-gallon plastic buckets in the lab. 
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Table 2.4 Sieve Sizes Used 






2.36 (# 8) 
1.18 (#16) 
0.600 (# 30) 
0.300 (# 50) 
0.150 (#100) 
0.075 (# 200) 
pan 
The specimens were batched and then the aggregate mixes were 
preheated at mixing temperature overnight. The mixing bucket and all tools were 
also preheated overnight to mixing temperature. The RAP and binder were 
preheated to mixing temperature approximately two hours prior to mixing to limit 
additional aging and mixed when that temperature was reached. 
The first mix in the mixing bucket was not used for specimen fabrication 
and was thrown away. This was referred to as a "butter" mix and its purpose was 
to fill in any low areas in the bucket to limit the amount of mix, particularly the 
smaller particles, that remained in the bucket. The mixing bucket was placed on 
the scale and the dry aggregate was added and the weight recorded. The 
amount of asphalt required was then calculated and added to the mix. 
The bucket was placed on the mixing machine and the aggregate and 
asphalt was mixed together. A small propane blow torch was used to heat the 
mix and it was mixed until all aggregate was coated by the asphalt binder. The 
mix was removed from the bucket and the weight was checked again. If 
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necessary, small scoops were randomly removed from the pan to reduce the 
weight to 4500g. The mixes were then returned to the oven for aging. The 
mixes were aged for two hours at a temperature of 152 F. 
After short term aging, the mixes were compacted using the Superpave 
Gyratory Compactor. The molds were 150 mm in diameter and were preheated 
to aging temperature. The gyratory compactor was used to control the height of 
compactions through which the air voids were also controlled. Once the 
specimens have been compacted, they are extracted and allowed to cool 
overnight. After cooling, the specimens were cut to size. 
2.2.2 Superpave Mix Design 
The Superior Performing Pavement (Superpave) mix design method was 
used and stockpile proportions were kept constant for the various mixtures. The 
gradation for the mixtures can be seen in Table 2.5 and Figure 2.3. The 
gradations are very similar and it is assumed there is no significant impact on the 
results due to the mix gradations. 
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Table 2.5 Mixture Overall Gradations 






2.36 (# 8) 
1.18 (#16) 
0.600 (# 30) 
0.300 (# 50) 
0.150 (#100) 
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Figure 2.3 NETC 04-4 Mix Gradations 
The mix design used for the basis of this project is a 10% RAP mixture for 
a main road in Rocky Hill Connecticut. The aggregate stockpile ratios of the 
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original mix design from Tilcon were determined and then used as the basis for 
the other mix designs. This ratio was used to determine the amount of aggregate 
required for each RAP content. The different gradations were analyzed and it 
was determined that the gradations were similar enough to minimize any 
potential impact on the research. The gradation of the control mix is shown in 
Table 2.5 and Figure 2.3. 
Tilcon in Newington Connecticut designed the new mix using the 
Superpave design method. The binder grade selected was PG 64-28, and the 
consensus aggregate properties, source aggregate properties, and gradations 
were all considered passing the appropriate standards and tests. The asphalt 
binder content is based on air voids in the mixture (Va), voids in the mineral 
aggregate (VMA), voids filled with asphalt (VFA), and dust-to-binder proportion 
(DP). Superpave mix design bases these requirements on traffic loading and the 
traffic count for the roadway was between 0.3 to 3 million equivalent single axel 
loads (ESALs) which means the mixture had to meet the criteria shown in Table 
2.6 
Table 2.6 Superpave Volumetric Mixture Design Requirements 
Design ESALs 
(Million) 


















Superpave mix design method requires that an initial asphalt content be 
chosen and then 3 additional asphalt contents are also used; 0.5% lower, 0.5% 
and 1.0% higher. All aggregate was batched in the lab and for each RAP 
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condition a total of ten specimens were prepared; two 4500 gram (by aggregate 
weight) specimens for each asphalt content and two 1500 gram specimens. The 
larger specimens are used for determining the bulk specific gravity (Gsb) in 
accordance with ASTM D6752 and the smaller specimens for determining the 
theoretical maximum specific gravity (Gmm) in accordance with ASTM D6857. 
The aggregates were heated overnight in the oven and then mixed in the 
lab. The RAP was preheated to mixing temperature by placing it in the oven and 
monitoring it closely to ensure that additional unintentional aging did not occur. 
Prior to compaction, the mixed specimens were aged for two hours at the 
compaction temperature of 155 degrees Celsius. This was done to represent the 
short-term aging that occurs between mixing at the plant and transportation to 
the site. 
Once the short-term aging was complete, the specimens were compacted 
using the Superpave Gyratory Compactor (SGC). In this study a Servopac SCG 
from Industrial Process Controls Ltd was used. The Servopac software that was 
bundled with the machine was used to control the compactor. A picture of the 
SGC and computer can be seen in Figure 2.4 
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Figure 2.4 Superpave Gyratory Compactor and Computer 
The SGC software monitored several components of the compaction 
process including the number of gyrations, the compaction stress, the 
compaction angle and most importantly the height of the specimen at each 
gyration. This was important because the mold has a specific area so the height 
controls the air voids in the specimen. This was monitored so that during the mix 
design process the air void content could be more closely approximated. 
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The number of gyrations necessary for the mix design specimens was a 
part of the Superpave mix design criteria and for this particular study the number 
of gyrations used was 75. This was based on the ESAL count expected for the 
pavement, and each specimen during the mix design procedure was compacted 
the same number of times. The molds used for the SGC were preheated to 
compaction temperature to minimize the heat loss during specimen fabrication. 
Once the specimens were compacted, they were extracted from the molds 
and allowed to cool overnight before being tested for volumetric data. The 
theoretical maximum specific gravity specimens were allowed to cool in the pan 
they had aged in and were stirred, resulting in a very loose mix as required for 
testing using the Corelok ® system. 
The bulk specific gravity and the theoretical maximum specific gravity 
were measured and the air voids for the specimens were calculated (details in 
section 2.3.7 Volumetrics). The percent air voids versus asphalt content were 
plotted and a linear trendline was fit to the data and the asphalt content was 
determined for 4.0% air voids. Once the asphalt content was calculated, then two 
additional specimens were prepared as verification specimens and were tested 
to ensure that they met the necessary volumetric criteria. Two additional 
theoretical maximum specific gravity specimens were also prepared at the design 
asphalt content. This was done to verify that the mix design was completed 
properly and to have accurate numbers to determine the air void content of the 
specimens. The air voids, VMA, and VFA were plotted versus the asphalt 
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content for all mixtures as a part of the Superpave mix design method and are 
shown in Appendix A. 
The four RAP contents selected for this project were; 0% RAP mix which 
contains no RAP and was used as the control condition for the project, the 10% 
RAP mix design from Tilcon which was used as the base mix design; and a 25% 
and 40% RAP mix. The initial asphalt contents tested for the Control mixture 
were 6.0%, 5.5%, 5.0%, and 4.5% by weight of mix. Analysis indicated that the 
optimal asphalt content to obtain 4.0% air voids for the control specimens was 
6.0%. 
The 10% RAP mix was the original mix design presented by Tilcon 
Industries and used as the baseline for this project. The mix design provided 
consisted of the aggregate gradation, aggregate consensus properties, and RAP 
properties, but not the asphalt content. It was decided to not change the mix 
gradation at all. The initial asphalt contents selected for the 10% RAP mix 
design were the same as the control; 6.0%, 5.5%, 5.0%, and 4.5% by weight of 
mix. Analysis indicated that the optimal asphalt content to obtain 4.0% + 0.5% 
air voids for the specimens was 5.7%. 
The 25% RAP mix design was done by increasing the percentage of RAP 
in the mixture, and then the ratios of the other stockpiles were maintained for the 
remaining aggregate. The amount of aggregate required was then calculated by 
type and size of aggregate. The initial asphalt contents selected for this mix 
design were 6.7%, 6.2%, 5.7%, and 5.2% by weight of mix. Analysis indicated 
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that the optimal asphalt content to obtain 4.0 + 0.5% air voids for the specimens 
was 5.3%. 
The final mix design was 40% RAP. This mix design was more 
challenging to complete than the other mix designs. This could be attributed to 
several factors; one is that the RAP was not sieved and added to the mix by 
sieve size, but rather solely by weight. This would allow there to be greater 
variations in the gradation which may have affected the volumetric testing. One 
recommendation to minimize the impact of this is to separate the RAP at the 
number 4 sieve and add the RAP proportionally to the mix. The initial asphalt 
contents selected for this mix design were also the same as the control; 6.0%, 
5.5%, 5.0%, and 4.5% by weight of mix. Initially this mix was determined to 
require an asphalt content of 5.1%. Verification specimens were prepared, but 
they did not meet the Superpave design criteria. Another set was prepared 
which were also out of specifications so a complete retest was done using 
asphalt contents of 6.2%, 5.7%, and 5.2%. None of the verification specimens 
met criteria so it was decided by the research team to use an asphalt content of 
5.2% and compact as necessary to reach the to obtain 4.0 + 0.5% air voids. 
A summary of the mix designs are shown in Table 2.7. 
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2Note: See discussion on 40% RAP mix design regarding the air voids 
2.3 Laboratory Set Up and Equipment 
2.3.1 Wet Saw and Cutting Jig 
Test specimens were cut to a thickness of approximately 35 mm. This 
was accomplished using an MK Diamond Products MK-5005T BLK SAW wet 
saw with a 20" asphalt specific saw blade. Additionally, a cutting jig was used to 
hold the specimens in place while being cut. The jig was made out of a 3" piece 
of angle iron that was welded to a 6" x 9" bottom plate. There was also a 1" x 9" 
piece welded on one side of the bottom plate to assist with attaching the jig to the 
saw base. Two holes were drilled in the angle iron with adjusting clamps 
threaded through them to secure the specimens. Figure 2.5 shows the wet saw 
with cutting jig. 
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Figure 2.5 Wet Saw and Cutting Jig 
The specimens were cut to minimize the air void variation through the 
specimen. Before cutting the specimen, it was marked at the center and then 
approximately 17.5 mm to each side of the centerline. Figure 2.6 shows a 
specimen marked and prepared for cutting. 
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Figure 2.6 Gyratory Specimen Prepared for Cutting 
2.3.2 Instron Load Frame 
The dynamic modulus, strength and creep testing in this project was 
conducted using a closed-loop servo-hydraulic system, manufactured by 
Instron ®. The testing apparatus included the loading frame (model 8800), a 
20,000 pound hydraulic actuator (model 1ST 3690 Series 100kN Pedestal 
Mounted Actuator), a 5,000 pound load cell, a 20,000 pound load cell, control 
tower (model 8500) and control panel (model 8500 Plus), an environmental 
chamber (model 3119-407), testing specimen guide (Interlaken Technology 
Corporation (ITC), Indirect Tensile (IDT) Fixture), and personal computers 
running Instron's Fast Track 2 software (actuator control), LabVIEW 7.1 (data 
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acquisition), Microsoft® Excel and JMP (data acquisition and statistical 
analysis). 
2.3.3 Indirect Tensile Testing Fixture 
During early testing in this project, rocking of the specimen during testing 
was observed to contribute a large amount of error to the data set. In some 
cases, especially when testing at high frequencies, the specimens would begin 
rocking and some would even crack. The IDT load fixture was purchased to 
reduce this from happening. The load fixture has two four inch long loading 
strips, one on the top piece and one on the base. The top piece is able to move 
on one axis to help ensure constant non-eccentric loading. This allows for 
increased stability in the specimen and helps to minimize error induced by the 
specimen rocking. The IDT testing fixture used in this project is from Interlaken 
Technology Corporation. Figure 2.7 shows the load fixture installed in the 
environmental chamber. 
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Figure 2.7 ITC IDT Load Fixture in Environmental Chamber 
2.3.4 Environmental Chamber 
Testing was conducted over a range of temperatures, and to accomplish 
this an Envirotherm ® environmental chamber model 3119-407 was used. This 
chamber is able to heat and cool specimens in the chamber by using an internal 
heating coil or liquid nitrogen. There is a regulator that controls the amount of 
low pressure liquid nitrogen that is introduced into the chamber. A fan is used to 
transfer heated or cooled air into the chamber and thereby cooling or heating the 
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specimen. The chamber controlled the temperature within + 0.1 °C, and the 
range of testing was between -10°C to 30°C. Figure 2.8 shows the environmental 
chamber with nitrogen hose in the lab. 
Figure 2.8 Envirotherm Environmental Chamber 
2.3.5 Brass Gluing Jig 
Indirect tensile (IDT) testing measures the strain in a specimen across 
both the horizontal and vertical axes. To help ensure that the LVDT's are placed 
correctly, a brass gluing jig was fabricated. This jig consists of 12 open squares 
that are perpendicular to each other in groups of three. Each individual group is 
spaced at 5 mm intervals. These spaces are used to mark locations for the 
LVDT targets to be mounted at the correct interval on the specimen. There are 
also two flanges that are approximately 0.5" perpendicular to one another along 
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the edge. These flanges are used to mark the sides of the specimen to ensure 
that both faces of the specimen are marked and instrumented identically. Figure 
2.9 shows a specimen with the gluing jig. 
Figure 2.9 Brass Gluing Jig 
2.3.6 Specimen Identification 
Each HMA specimen was identified using a 5 character alpha-numeric 
code. The first two numbers represent the asphalt content i.e.; 52 represents 
5.2% asphalt by weight of mix. The second pair of number represents the 
amount of RAP in each specimen i.e.; 10 represents 10% RAP. The control 
specimens are represented by 00. The last character is a letter which indicates 
the replicate number including the design and verification specimens. For the 
different PG grades, the system is slightly different. The first two numbers still 
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represent the asphalt content, but the last two represent the high PG grade. For 
example 6070 represents 6.0% asphalt content using PG 70-22 binder. All of the 
different PG grade specimens were prepared as control specimens and had no 
RAP. Table 2.8 is a guide to the different specimens. 










6.0% Asphalt content, control conditions 
5.7% Asphalt content, 10% RAP 
5.3% Asphalt content, 25% RAP 
5.2% Asphalt content, 40% RAP 
6.0% Asphalt content, control conditions, PG 58-28 Binder 
6.0% Asphalt content, control conditions, PG 70-22 Binder 
6.0% Asphalt content, control conditions, PG 76-22 Binder 
2.3.7 Volumetrics 
All specimens were tested for the bulk specific gravity using ASTM 6752-
02 "Standard Test Method for Bulk Specific Gravity and Density of Compacted 
Bituminous Mixtures Using Automatic Vacuum Sealing Method" (10). The 
theoretical maximum specific gravity was determined using ASTM D6857 - 03 
"Standard Test Method for Maximum Specific Gravity and Density of Bituminous 
Paving Mixtures Using Automatic Vacuum Sealing Method" (11). The percent air 
voids were found in accordance with ASTM D3203 - 05 "Standard Test Method 
for Percent Air Voids in Compacted Dense and Open Bituminous Paving 
Mixtures" (12) and were calculated using Gravity Suite software package. The 
VMA and VFA were also calculated for all specimens in accordance with 
Superpave requirements. 
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All volumetric measurements were made using a Corelok ® vacuum 
sealing system from Instrotek ®. A picture of the Corelok ® can be seen in 
Figure 2.10 
Figure 2.10 Corelok Vacuum Sealing System with Specimen 
Use of the Corelok ® system dramatically reduced the repeatability errors 
that are common with the surface saturated dry method. It also reduced the time 
necessary to find the theoretical maximum specific gravity test to five minutes. 
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The Gravity Suite software that was included with the Corelok® was used 
to determine the bulk and theoretical maximum specific gravity of the specimens. 
2.3.8 Specimen Instrumentation 
All specimens required instrumentation to conduct both creep and IDT 
dynamic modulus testing. It was necessary to measure the strain in both the 
vertical and horizontal axes on both faces of the specimen. To accomplish this, 
two pairs of linearly variable differential transducers (LVDT's) were mounted 
perpendicularly on each face. The LVDT's could measure very small 
displacements up to 2.5 mm. The Instron controller controlled the amount and 
rate of load applied by the load actuator. The Instron load cell measured the load 
applied to the specimen, and the Lab View software suite measured and 
recorded the displacements. The cut specimen was marked for instrumentation 
using the brass jig that was discussed in section 2.3.5. L-shaped brackets were 
attached to brass targets and were used to secure the LVDT rods and receivers 
to the specimen. To ensure that the targets were spaced properly an aluminum 
rod was used to set up the targets. An example is shown in Figure 2.11 
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Figure 2.11 Aluminum Rod with Brackets Ready for Gluing 
The brass targets were attached to the specimen with epoxy and allowed to cure 
overnight. 
The L-shaped brackets were custom machined out of aluminum with the 
holes high enough provide clearance for the LVDT's to move freely without 
binding. The brackets were attached to the brass targets with screws. Attaching 
the targets to the specimen was a two-step process. It was important because 
the LVDT's had to be perpendicular to each other to ensure that both strains 
were being measured properly. To accomplish this, the LVDT's were first glued 
to each face in the same orientation. These were allowed to cure slightly and 
then the rod was removed. After the rod was removed the process was repeated 
for the other brackets. This is shown in figures 2.12and 2.13. 
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Figure 2.12 Brackets and Rod 
Figure 2.13 Brackets and Rods Curing 
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The specimens were allowed to cure for at least 12 hours to ensure that 
the maximum bond was achieved. It was possible to test in less time, but 
generally the specimens were cured longer. This was to ensure that there would 
be little chance of damage. Once the specimens had cured, the LVDT's were 
mounted into the L-shaped brackets and the specimen was ready for testing. The 
specimen was then placed into the environmental chamber. Figure 2.14 shows a 
specimen with the LVDT's mounted and ready for testing. Figure 2.15 shows a 
finished specimen ready for testing in the environmental chamber. 
Figure 2.14 LVDT's Mounted on a Specimen 
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Figure 2.15 Prepared Specimen Ready for Testing in Environmental Chamber 
2.3.9 Testing Setup 
The specimen was placed on the load fixture in the environmental 
chamber. The environmental chamber was set to the testing temperature and 
then adjusted as necessary to get the specimen to the proper temperature. 
There was a dummy specimen with a thermocouple embedded into it inside of 
the chamber that was used to monitor the specimen temperature. When this 
value reached the testing temperature, the dynamic modulus testing could begin. 
First the actuator was raised into place so that a small load is applied to the 
specimen, seating it firmly against the upper piece of the load fixture. This 
ensured that when the testing began the specimen was seated and that the load 
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cell measured the load properly. Figure 2.16 shows an instrumented specimen 
in the chamber ready for testing. The dummy specimen with thermocouple can 
be seen to the right of the load fixture. 
Figure 2.16 Instrumented Specimen Ready for Testing 
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CHAPTER 3 
TESTING OF MIXTURES 
3.1 Dynamic Modulus Testing 
3.1.1 Theory 
Dynamic modulus, |E*|, is a measure of a material's stiffness under 
sinusoidal loading. Asphalt concrete is a viscoelastic material which means that 
it exhibits both viscous and elastic properties depending on the temperature, load 
frequency, and load level applied. Under high frequency loading, or very cold 
temperatures, asphalt concrete is stiffer and acts in an elastic manner. At lower 
frequencies or warmer temperatures, the asphalt concrete acts more as a 
viscous material. When conducting this test it is important that the loads applied 
do not damage the specimen. The specimens are tested over a range of 
frequencies and temperatures and it is necessary to ensure that the tests are run 
long enough for the specimen to reach a steady state response. The specimen 
strain is measured by the LVDT's, the load by the load cell, and the actuator 
movement is also recorded. 
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Dynamic modulus testing in this study was done in the indirect tensile 
(IDT) mode. A relationship developed by researchers at North Carolina State 
University (17) involves measuring displacement in both the horizontal and 
vertical axes; these are used to calculate |E*| as shown in Equation 3.1 
i/n = 2^0 v P1Y2-P2Y1 
nad Y2V0-P2U0 
3.1 
Where, P0 = applied load 
a = loading strip width 
d = thickness of specimen 
U0 = horizontal displacement 
V0 = vertical displacement 
PcffpcQ^d%&Sonstants (-0.0134, -0.0042, 0.0037, 
0.0116 respectively) 
Frequency and temperature sweeps were conducted over a wide range of 
values to obtain individual isotherms. Frequency sweep testing was done at 
frequencies of 0.1, 0.2,0.5, 1.0,2.0,5.0, 10.0, and 25.0 hertz. To ensure that 
there is a wide enough range of values to build the master curve, the frequency 
sweep is conducted over a range of temperatures as well. The specimens were 
tested at the following temperatures; -10°C, 0°C, 10°C, 20°C, and 30°C. 
3.1.2 Load Determination 
To maintain strain in the linear viscoelastic region, a range of 
approximately 60-90 microstrain is used. This is high enough to be discernible 
from background noise, and low enough not to cause permanent deformation or 
damage. The initial load applied is based on previous testing and then adjusted 
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as necessary to maintain the proper microstrain. The loads used for each 
specimen are shown in Appendix D. 
3.1.3 Data Collection 
Data collection was performed using the Lab View software suite. This 
program collects the data based on user defined settings and then provides a 
space separated value (SSV) file that can be manipulated in Microsoft Excel or 
Matlab. Lab View collects data from the actuator, the load cells, and the LVDT's. 
The program converts the millivolt readings from the LVDT's to microstrain, 
making it easier to adjust the loads as necessary. Figure 3.1 shows a typical 
screen. The gauge length, test frequency, number of cycles in every acquisition 
and output file name can all be modified by the user. Data was captured in 5 
cycle batches. 
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Figure 3.1 Typical Screen in Lab View 
The load applied to each specimen was controlled by the Wave Maker 
program on a computer separate from the Instron control panel and the data 
collection system. In Wave Maker, the user is able to modify the length, 
magnitude and style of loading. Each wave can then be saved to a folder to be 
reused as necessary. For this test sinusoidal waves were used for the loading 
pattern and the number of cycles ranged from hundreds for the higher 
frequencies to as few as eight for the lower frequencies. 
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3.1.4 Data Analysis 
Data analysis was done using Microsoft Excel and Matlab. The raw data 
was imported into a Matlab program. The program calculates the dynamic 
modulus and parameters for each data set. The user is required to select the 
time frame that data will be selected from to be analyzed. The program then 
zeros all the LVDT's to remove any seating load that was applied to the 
specimen. The applied load is converted to applied stress amplitude (aamp) and a 
sinusoidal form is fit to the data. The program also calculates the best fit sine 
wave for the strain response amplitude (samp) using Equation 3.2: 
£
amp = a + p sinl^ ko t + 9) 3.2 
where, a = vertical (strain response) intercept 
p = amplitude 
GO = frequency 
8 = shift factor 
The program requires the user to verify the curves that are calculated 
actually fit the data. It also computes the dynamic modulus and prints a text file 
that contains all the curve fitting parameters for the load and each LVDT. In 
some cases the Matlab program could not compute the dynamic modulus. In 
these cases the final calculations were done user the Solver function in Microsoft 
Excel. Once this is completed, the master curves can be constructed. An 
example of a typical output file for any given specimen is shown in Table 3.1 and 
a chart showing a typical set of isotherms is shown in Figure 3.2. 
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Figure 3.2 Chart Showing Typical Isotherm Data set 
3.1.5 Master Curve Construction 
The master curve describes the material response over a wide range of 
frequencies at a reference temperature. Asphalt concrete is a thermo-
rheologically simple material which means that it is time (loading rate) and 
temperature dependent. This allows the use of the time-temperature 
superposition principle. Time-temperature superposition allows data to be 
collected in a reasonable range of frequencies and temperatures, but a curve 
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over a very large range of frequencies can be constructed. The mechanical 
properties of thermo-rheologically simple materials like asphalt can be shifted 
based on the loading rate which is represented by a reduced time, tReCi, defined 
as: 
tRed ~ — 3.3 
where, t =time 
aT = Time-temperature shift factor 
The dynamic modulus is calculated using frequency and the reduced frequency, 
y, defined as: 
Y — faT 3.4 
where, /^frequency 
ar = time-temperature shift factor 
For each individual temperature the time-temperature shift factor, ar, remains 
constant and can be applied to all of the mechanical properties. A reference 
temperature is chosen to be the baseline; in this project the reference 
temperature used is 20°C, and the isotherms are shifted along the reduced 
frequency axis. The master curve is then fitted with a sigmoidal function which is 
shown in Equation 3.5 
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loq\E*\ = a-\ —7T. r 3.5 
Where |E*| = Dynamic Modulus, MPa 
yr = reduced frequency, Hz 
a,b,c,d = regression coefficients 
The sigmoidal function allows a smooth curve to be fitted to the data 
points. An Excel spreadsheet was set up to enter the individual data points by 
frequency and temperature. The solver function was then used to minimize the 
square of the error between the actual measured dynamic modulus and the value 
calculated by Equation 3.5 by changing the shift factors and regression 
coefficients. The continuity of the equation was checked visually by overlap of 
the high and low frequencies of the different temperatures. Figure 3.3 shows a 
typical dynamic modulus master curve and Figure 3.4 shows a typical time-
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Figure 3.3 Typical Dynamic Modulus Constructed Master Curve 
O 
Figure 3.4 Typical Time-Temperature Shift Factor Curve 
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3.2 Creep Testing 
3.2.1 Theory 
Creep testing measures the time-dependent deformation of a material 
under a static load. This test is done by placing a specimen under a constant 
load and measuring the strain response of the specimen. As discussed earlier, 
time-temperature superposition applies to all viscoelastic properties, so the 
individual creep compliance curves can be shifted to a reference temperature. 
Creep compliance is calculated using Equation 3.6: 
_ AXxDavg x 
u
avg y~, 
D (t) — X Ccmpi 3.6 
' avg •*"£' 
Where D(t) = Creep compliance at time t 
AX = Horizontal deformation of specimen, m 
Davg = Specimen diameter, m 
bavg = Specimen thickness, m 
PaVg = Creep load applied, kN 
GL = Gage length in meters 
And Ccmpi is calculated as shown in Equation 3.7 
Ccmpi = 0.6354 x ( j ) - 0.332 3.7 
Where X = Horizontal deformation of specimen, m 
Y = Vertical deformation of specimen, m 
3.2.2 Load Determination 
Loads were initially based on previous creep testing done at the University 
of New Hampshire. Similar to the IDT testing, the load placed on the specimen 
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must keep the horizontal strain in the linear viscoelastic region. The load was 
recorded and an initial analysis was done to ensure that the microstrain was in 
the linear viscoelastic range. Depending on the initial analysis, the load was 
adjusted higher or lower and the test was repeated until the microstrain recorded 
was within the desired range. 
3.2.3 Data Collection 
Data collection was done using a Lab View based program file. This 
program collects the data based on user defined settings and then provides a 
space separated value (SSV) file that can be manipulated in Microsoft Excel or 
Matlab. Lab View collects data from the actuator and load cells. The program 
file used was very basic compared to the one used for IDT testing. Data was 
collected every 0.1 seconds until the test was completed or the data file was 
filled. 
3.2.4 Data Analysis and Master Curve Construction 
Data analysis was done using Microsoft Excel. The raw data files were 
imported into Excel and then equation 3.6 was used to solve for the creep 
compliance. Data sets were processed initially by temperature before being 
combined to build the master curves. The process of building creep compliance 
master curves is similar the IDT process. First a reference temperature is 
selected, in this research 0C was chosen, and using tine-temperature 
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Figure 3.5 Typical Creep Compliance Curve 
It should be noted that the creep data was not used in this research as 
initially planned. This is due to major problems with the data sets. The majority 
of the data sets collected were not usable, and therefore not used in this project. 
3.3 indirect Tensile Strength Testing 
3.3.1 Theory 
Asphalt concrete is a mixture made up of asphalt binder, aggregate and 
air voids. Changing the ratio of any of these will significantly alter the strength. 
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The strength of the mix is dependent primarily on the aggregate interlock. The 
asphalt binder works as a mastic, binding the aggregate structure together. The 
air voids are a byproduct of compaction and add only to the volume of the 
structure. Additionally, some stiffness will be added to the asphalt concrete 
based on the mechanical properties of the binder. RAP binder will be stiffer than 
virgin binder due oxidation of the binder during its service life. 
3.3.2 Testing Parameters 
Strength testing is a destructive test and was conducted after dynamic 
modulus and creep testing was complete. Testing was conducted at -10°C and 
the specimens were crushed under a constant strain of 50 mm per minute until 
the specimen failed. The load and actuator data were monitored using Lab View. 
Figure 3.5 shows a specimen after it has failed and Figure 3.6 shows a typical 
strength test curve. The large break in the curve is due to the brittle failure of the 
specimen, at the cold temperature used in this research all failures were brittle. 
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Figure 3.6 Specimen Undergoing Strength Testing 
100 200 300 400 
Time (sec) 
500 600 
Figure 3.7 Typical Strength Curve 
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3.3.3 Data Reduction and Analysis 
The tensile strength of a specimen is calculated using Equation 3.7: 
2xPf s = 
nxbxD 3.7 
Where S = Strength of specimen, kPa 
Pf = Load at failure, kN 
b = Thickness, m 
D = Specimen diameter, m 
3.4 Hirsch Model 
3.4.1 Theory 
In this research project, the Hirsch model was used to back calculate the 
shear modulus, |G*| of the binder from the measured mixture properties. The 
Hirsch model was developed by T.J Hirsch in the late 1960's to calculate the 
modulus of elasticity of concrete. This model was refined by Christensen (13) to 
predict the |E*| of hot-mix asphalt using the |G*| of the binder used and 
volumetrics of the mix. The Hirsch model is shown below in Equation 3.8: 
E =Pc-
I I mix 
4.200,000 '',_VMA_V 3 |G«| fVFA-VMA' 



















Where VMA = Voids in mineral aggregate 
VFA = Voids filled with asphalt 
Pc = Contact area 
It should be noted that the Hirsch model uses English units of 
measurement as opposed to metric and the dynamic modulus is reported in psi. 
3.4.2 Data Reduction 
Extraction of the asphalt binder from the crushed specimens was 
conducted and the shear modulus, |G*|, of the blended binder was measured. 
Using Microsoft Excel, a spreadsheet was built to back calculate the binder shear 
modulus from the measured dynamic modulus. The contact area from the Hirsch 
equation is entered and using the Excel Solver function, the square of the error 
between the measured dynamic modulus and the Hirsch model predicted 




This chapter will present the results of all testing conducted including the 
dynamic modulus master curves, creep curves, and strength testing of all 
specimens. Additionally, the results of the Hirsch model back calculations to find 
the shear modulus are presented. 
4.1 Dynamic Modulus Testing 
4.1.1 Dynamic Modulus Master Curves 
The dynamic modulus master curves are constructed from the dynamic 
modulus measured at each frequency and temperature combination and the 
reduced frequency. Dynamic modulus is also affected by the volumetric 
properties of the specimen. The RAP content and volumetric properties of the 
specimens are shown in Tables 4.1 and 4.2. As was noted earlier, the 6058, 
6070, and 6076 series specimens were prepared with virgin aggregate and no 
RAP. 
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The individual master curves were constructed for each specimen as well 
as the overall fit for each mixture type and are shown in Figures 4.1 to 4.7. The 
individual master curves for the different RAP percentages are shown together in 
Figure 4.8. Master curves for the different PG grade binders are shown together 
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The dynamic modulus or stiffness of the mixture increase as the amount 
of RAP in the mix increases. It appears that the 25% RAP and 40% RAP 
mixtures are very similar. The lower PG grades all appear to be relatively similar 
at low to mid-range frequencies, but the PG 76-22 is stiffer. 
4.1.2 Statistical Analysis 
For this project, a two-tailed t-test was conducted to compare the 
mixtures. The dynamic modulus data was compared over a selected range of 
frequencies to determine if there was any significant difference between the 
mixtures. Table 4.2 shows the p-value results from this analysis. A p-value below 
0.05 indicates a significant difference at a 95% confidence level. The control 
mixture is significantly different from the 25% RAP and 40% RAP mixtures, but 
the other mixtures are not statistically different. Also, the p-value for the 25% 
RAP-40% RAP is generally high showing that the two master curves are very 
similar. Table 4.3 shows the statistical results for the different PG grade 
mixtures. Analysis indicates that there is no significant statistical difference 
between the mixtures. 
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Table 4.3 Dynamic Modulus T-Test Results for PG-Grade Mixtures 
Comparison 
PG 64-PG58 
PG 64- PG 70 
PG 64-PG 76 
PG 58-PG 70 
PG 58-PG 76 





































4.2 Tensile Strength Testing 
A summary of the indirect tensile strength testing for all specimens is 
shown in Table 4.4. A graphical representation of the RAP mixtures is shown in 
Figure 4.10. The strength testing statistics for the RAP mixtures are shown in 
Table 4.5. The statistical analysis shows that the 10% RAP specimen is 
significantly different from the 25% and 40% RAP specimens, but it is similar to 
the control mix. The statistics also indicate that the 25% RAP specimen is 
significantly different from the control specimens. 
The PG grade test results are shown in Figure 4.11 and the statistics are 
shown in Table 4.6. The results show that the PG 76-22 specimens are stiffer 
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than the other specimens. Overall no conclusions can be drawn from the 
strength testing. 

















































































































a Control a 10% RAP a 25% RAP • 40% RAP 
Figure 4.10 RAP Mixtures Indirect Tensile Strength Testing Results 
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Figure 4.11 PG Grade Indirect Tensile Strength Testing Results 
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4.3 Hirsch Model Shear Modulus Calculations 
4.3.1 Shear Modulus Calculations 
The goal of this research project was to explore methods to determine the 
amount of mixing that occurs between RAP and virgin binder. To do this, the 
Hirsch model was used to backcalculate the binder shear modulus, |G*|, from the 
measured |E*| master curves, which is necessary to determine the binder PG 
grade. Figure 4.12 to Figure 4.15 show the backcalculated and recovered |G*| 
master curves. Figure 4.16 shows a summary of the combined backcalculated 
RAP |G*[. Figure 4.17 shows a summary of all the recovered RAP specimens 
binder |G*|. Superpave binder grading was conducted to find the actual grade of 
the RAP mixtures and these values are shown in Table 4.7. These are the PG 
grades for the recovered RAP mixture binder curves. 
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The recovered binder condition represents the fully blended binder 
condition. This is a result of the binder recovery process. After strength testing 
was completed, the binder from each mixture was extracted and recovered for 
|G*| testing in the lab. These are shown on the graphs as the "Recovered" data 
points. Figure 4.18 to Figure 4.20 show the backcalculated |G*| values for the 
PG grade mixtures, but no binder extraction was done on these mixtures. Figure 
4.21 shows a summary of all the backcalculated |G*| values from the PG grade 
mixtures. 
The RAP mixture graphs all show that the recovered binder has a higher 
shear modulus than that estimated from the mixture tests. This would indicate 
that fully blended binder condition is stiffer than the lab mixtures. Additionally this 
would indicate that the RAP and virgin binder do not fully mix. Figure 4.20 shows 
that as the PG grade increases, so does the stiffness, except with regards to the 
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Figure 4.21 PG Grades Shear Modulus 
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4.3.2 Shear Modulus Statistical Analysis 
The RAP specimens shear modulus results were also compared using a 
two-tailed T-test to determine if there were any significant differences between 
the mixtures. The results are shown in Table 4.8. The Control specimens did not 
produce results at the low frequency so there were no results for comparison. 
The results show that there is a significant difference between the Control and 
40% RAP |G*| values over the mid-range frequencies. The different PG grade 
shear modulus t-test results are shown in Table 4.9. These results indicate that 
there is little to no significant difference between the mixtures. 
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Table 4.9 PG-Grade Specimen Binder Shear Modulus T-Test Results 
Comparison 
PG 64-PG58 
PG 64- PG 70 
PG 64-PG 76 
PG 58-PG 70 
PG 58-PG 76 







































4.4 Master Curve Comparison 
The intent of this project was to investigate different methods to estimate 
the effective PG grade of an asphalt mixture that contains RAP or some 
reasonable estimate of the amount of binder blending that occurs during mixing. 
Both methods were examined and are discussed below. 
4.4.1 PG Grade Estimation 
The |G*| value of a binder in a mix can be backcalculated using the Hirsch 
model. Originally the goal of this work was to determine the effective PG grade 
of the mix. This was not possible due to issues with finding the binder phase 
angle, which is necessary to determine the PG grade. Based on this, the 
decision was made to compare the RAP mixtures with the master curves back 
calculated from the PG grade mixtures. This is important since higher PG grades 
correspond to stiffer binder, which will affect the mixture properties. 
The backcalculated |G*| from the PG grade mixtures shown in Figure 4.21 
show that the curves are very similar in the midrange frequencies, and the 
difference between the PG 58-28, PG 64-28, and the PG 70-22 is very small. 
For clarity, only the PG 76-22 and PG 70-22 curves are shown. 
The PG 76-22, PG 70-22 and a RAP mixture are plotted on the chart and 
the relative PG grade will be estimated graphically. Figure 4.21 to Figure 4.23 
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Figure 4.23 PG Grade Test using 40% RAP Example 
In Figure 4.21, the 10% RAP specimen falls in between the PG 70-22 and 
the PG 76-22 curves. This would imply that the stiffness of the 10% RAP mix is 
stiffer than the PG 70-22, but less stiff than the PG 76-22 mix. It can be 
interpreted then that the continuous PG grade of the mix would be in between 
these values, and the standard grade would be PG 70-22. In Table 4.7 the PG 
grade of the binder was measured to be 70-28 with a continuous grade of 75.4-
28.8. The graph shows that the 10% RAP mixture performs the same as the PG 
70-22, which is expected based on the results in Table 4.9. It is important to note 
that the shear modulus is measured at a frequency of 10 rad/s or 1.59 Hz, and 
when looking at the entire range this PG grade appears to work. 
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Figures 4.22 and 4.23 show the 25% and 40% RAP mixtures are stiffer 
than the PG 76-22 mixture, therefore implying that the effective PG grade of the 
mix is higher than PG 76-22. In Table 4.9 it can be seen that the 25% and 40% 
RAP specimens do grade higher, the 25% RAP specimen as a PG 82-22 and the 
40% RAP a PG 94-16. It can also be seen that at the lower range of frequencies 
the 40% RAP specimen is stiffer, which can be seen in the PG grade; the 40% 
RAP is stiffer and grades higher as a PG 94-16. 
This makes it hard to estimate the PG grade, but the following conclusions 
can be drawn from the chart; the mix will perform more stiffly than at PG 76-22 at 
high temperatures, and closer to the stiffness of a PG 70-22 at lower 
temperatures. This information would be beneficial to a pavement engineer 
when determining the grade depending on performance criteria. 
Overall it can be seen that although this method will provide an estimate of 
the PG grade of the mixture, it would need to be done for every new mixture, to 
include binder extraction and grading which in many cases is not practical for 
many reasons to include cost and test locations. 
4.4.2 Blending Relationships 
Another method that was investigated during this research compares the 
RAP mixture backcalculated |G*| to the recovered (fully blended) |G*|. If full 
blending occurs, the curves will overlap. The RAP mixtures are plotted with the 
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Figure 4.26 Blending Test Using 40% RAP Example 
Figure 4.24 shows the effective binder behavior of the 10% RAP to be less 
stiff than the control mix. This indicates that the 10% RAP mixture performance 
is basically the same as the control mix. As discussed previously, this does 
follow other research that up to about 15% by weight of mix, the RAP has little 
impact and functions mostly as an aggregate. 
In Figure 4.25, the 25% RAP appears to be slightly less stiff than the 
control at very low frequencies, but quickly increases in stiffness until the 
recovered binders approach the glassy modulus. Based on this, it can be 
inferred that the 25% RAP will overall perform as stiffly as the Control or a fully 
blended 10% RAP mix. The 25% RAP curve follows the 10% RAP binder curve 
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and as shown in Table 4.7 the 10% RAP binder was graded as a 70-28 so it can 
be assumed that the 25% RAP mixture effective grade is the same. 
In figure 4.26, the 40% RAP mix follows the recovered 25% RAP binder 
curve and is less than the 40% binder curve indicating that full blending is not 
occurring. Also, as shown in Table 4.7, the 25% RAP mixture was graded as a 
PG 82-22, so it can be assumed that the 40% RAP mixture effective grade is the 
same. 
Figure 4.27 and Table 4.10 show a comparison between the different mix 
specimens and the Control mix recovered binder. Several frequencies were 
chosen to compare the |G*| values; a low frequency which is the same as a 
higher temperature condition, a midrange frequency, and a high frequency which 
is the same as a colder temperature. This shows that at the mid and high 
frequency, the RAP specimens perform approximately 1.5 times more stiffly than 
the control conditions. At the low frequency, the impact of 40% RAP is plainly 
seen. The 40% RAP specimen was nearly four times stiffer than the control 
specimens. Figure 4.28 shows this same finding in a bar chart. 
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Figure 4.27 RAP Comparisons 
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Chapter 5 
Discussion of Findings and Recommendations for Future 
Research 
5.1 Summary 
The use of RAP by engineers in pavement is important for several 
reasons, primarily that it takes the pavement out of dwindling landfill space as 
well as reducing our carbon footprint. Much research has been done to evaluate 
the properties of RAP and how it affects a new mixture, but this has not been 
quantified. This is because RAP is a complex material; the RAP binder has been 
chemically altered through oxidation and other environmental factors, it is 
possible that the aggregate itself has been physically or chemically altered, and it 
is not possible to know how much blending occurs between the virgin and RAP 
binders, assuming that some RAP binder will be liquefied through the mixing 
process. These factors make it difficult 
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to make sound assumptions that can be applied to all RAP stockpiles. These 
same factors apply even on a smaller scale in the lab, presenting research 
challenges. 
5.2 Testing and Analysis Findings 
This project used one source for all the aggregates and RAP. Four 
different PG grade binders were used, PG 58-28, PG 64-28, PG 70-22, PG 76-
22. IDT dynamic modulus, low temperature strength testing, and creep testing 
were done as a part of the testing process. The results of the creep tests were 
found to be not usable for this project. The shear modulus, |G*|, was 
backcalculated using the Hirsch model for all specimens fabricated in the lab. 
The statistical analysis of the RAP specimens' dynamic modulus appears 
to indicate that the increased RAP stiffens the mix between the Control condition 
and the 25% and 40% RAP. A problem arises though when attempting to use 
this method to determine the amount of mixing that has occurred since there is 
no significant difference between any of the other mixes. There is no statistical 
difference between any of the different PG grade specimens which means that 
this method will not work to determine the amount of mixing that has occurred or 
the PG grade of the mix. 
When evaluating the strength of the mixes, there was a statistical 
difference between the 10% RAP and the 25% and 40% RAP specimens. The 
statistics show that the only difference between any of the specimens is with the 
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PG 76-22 mixture and all the rest. Overall the strength data provided little useful 
information in this study. 
The statistical analysis of the shear modulus tests appears to show that 
similar to the RAP specimens, there is little significant difference between the 
different specimens. In the mid-range frequencies the statistical analysis shows 
significant difference between the Control and 40% RAP specimens. The 
different PG grades appear to have no impact on the shear modulus based on 
the statistical analysis. The results show a difference at 10000 rads/sec between 
the PG 58-28 and the PG 70-22 and between the PG 58-28 and the PG 76-22 
specimens, but to confirm this would require additional testing. 
Visual analysis of the results showed that it is possible to make 
assumptions about the effective PG grade of RAP mixtures. Research confirmed 
that mixing occurred between the RAP and virgin binders shown by a higher 
stiffness, and that full blending did not occur. This is shown by the higher 
backcalculated |G*| value of the recovered RAP binder, versus the 
backcalculated |G*| of the mixtures. 
Overall, it is theoretically possible to use dynamic modulus testing and 
back calculating the shear modulus to determine the PG grade of the mix. It may 
be possible to use the dynamic modulus alone to determine the amount of mixing 
in a specimen, but the results of this research show that there is little to no 
difference between the specimens. 
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5.3 Recommendations for Future Research 
Future research should focus more on the cold temperature mechanical 
properties. More extensive creep testing should be conducted to gather more 
information on the low temperature properties. Additionally, more research 
should be conducted on calculating the phase angle of the mix binder. Some 
research that has been conducted by Dr Geoff Rowe of Abatech (17) has 
indicated that it may be possible to measure or calculate the binder phase angle 
and should be pursued as a part of determining the PG grade. 
In this project, the RAP was added by weight only. This resulted in wide 
range of results, especially at the higher RAP contents. Literature has shown 
that other researchers have better results when separating the RAP into coarse 
and fine stockpiles with the #4 sieve being the transition point. In this project the 
RAP was separated but no specimens were fabricated using this method. Use of 
this method should be investigated further. 
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Figure A.2 Asphalt Content vs VMA Control Specimen Design 
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Figure 1 A.12 Asphalt Content vs VFA 40% RAP Specimen Design 
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Appendix B - Measured Dynamic Modulus Values 
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Appendix C - Strength Curves 
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Figure C.1 6000I Strength Curve 
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Figure C.2 6000J Strength Curve 
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Figure C.3 6000K Strength Curve 
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Figure C.5 6000M Strength Curve 
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Figure C.6 5710E Strength Curve 
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Figure C.7 571 OF Strength Curve 
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Figure C.11 5325F Strength Curve 
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Figure C.13 5325I Strength Curve 
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Figure C.14 5240E Strength Curve 
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Figure C.15 5240F Strength Curve 
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Figure C.16 5240G Strength Curve 
112 
600 














100 200 300 400 500 600 
Figure C.18 5240I Strength Curve 
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Figure C.20 6058B Strength Curve 
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Figure C.21 6058C Strength Curve 
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Figure C.22 6058D Strength Curve 
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Figure C.24 6070B Strength Curve 
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Figure C.25 6070C Strength Curve 
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Figure C.26 6070D Strength Curve 
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Figure C.30 6706D Strength Curve 
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Appendix D - IDT Dynamic Modulus Load Tables 
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Appendix E - Dynamic Modulus Isotherms, Master Curves and 
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Figure E.1 6000I IDT Data and Temperature Shift Factors 
141 
20000 












































0.1 1 Frequency (Hz) 10 








1.0E-03 1.0E-01 1.0E+01 1.0E+03 1.0E+05 1.0E+07 
Reduced Frequency,(Hz) 
-10C A OC • 10C * 20C • 30C • Master Curve at 20C 









































• -10C A 0C • 10C x 20C • 30C 
1.0E+01 1.0E+03 1.0E+05 1.0E+07 
Reduced Frequency (Hz) 
• Master Curve at 20C 
Temp, C 





0.1 1 Frequency (Hz) -JQ 










• -10C A OC A 10C x 20C 
1.0E+01 1.0E+03 1.0E+05 1.0E+07 
Reduced Frequency, (Hz) 
•Master Curve at 20C 
Temp, C 












































• -10C HOC A10C X20C 
10 100 
O.OE+00 
1.0E-03 1.0E-01 1.0E+01 1.0E+03 
Red Frequency (Hz) 
• -10C • OC A 10C * 20C 
1.0E+05 1.0E+07 
•Master Curve at 20C 
Temp C 


































1.0E-03 1.0E-01 1.0E+01 1.0E+03 1.0E+05 
Red uced Frequency (Hz) 
B -10C A OC • I O C x 20C • 30C Master Curve at 20C 
1.0E+07 
Temp, C 





































1.0E-03 1.0E-01 1.0E+01 1.0E+03 
Reduced Frequency, (Hz) 
• -10C A OC • 10C * 20C • 30C 
1.0E+05 1.0E+07 
• Master Curve at 20C 
Temp, C 

























































1 Frequency (Hz) -JQ 
• -10C HOC A10C X20C «30C 
100 
1.0E-03 1.0E-01 1.0E+01 1.0E+03 1.0E+05 
Reduced Frequency (Hz) 
1.0E+07 
-10C A OC • 10C x 20C • 30C •Master Curve at 20C 
Temp, C 


















































Frequency (Hz) 10 







1.0E-03 1.0E-01 1.0E+01 1.0E+03 1.0E+05 1.0E+07 
Reduced Frequency (Hz) 
i -10C A OC • 10C x 20C • 30C Master Curve at 20C 
Temp, C 











































0.1 1 Frequency (Hz) 





1.0E-03 1.0E-01 1.0E+01 1.0E+03 
Reduced Frequency, Hz 
-10C A OC • 10C x 20C • 30C 
1.0E+05 1.0E+07 
- Master Curve at 20C 
o 
Temp, C 

















































0.1 1 Frequency (Hz) 10 






1.0E+07 1.0E-03 1.0E-01 1.0E+01 1.0E+03 1.0E+05 
Reduced Frequency (Hz) 


















































0.1 •j Frequency (Hz) -IQ 











1.0E-03 1.0E-01 1.0E+01 1.0E+03 1.0E+05 1.0E+07 
Reduced Frequency (Hz) 


















A A A • * 
A A . • • 
0.1 1 10 





1.0E-03 1.0E-01 1.0E+01 1.0E+03 1.0E+05 1.0E+07 
Reduced Freq uency (Hz) 
• -10C A 0C • 10C • 20C Master Curve at 20C 
Temp, C 












1 Frequency (Hz) 10 
• -10C BOC A10C «20C 
100 
1.0E-03 1.0E-01 1.0E+01 1.0E+03 1.0E+05 
Reduced Frequency (Hz) 
• -10C A OC • I O C • 20C Master Curve at 20C 
1.0E+07 
Temp, C 














A * " ' ' 
: • • * 
0.1 > Frequency (Hz) >Q 











1.0E-01 1.0E+01 1.0E+03 1.0E+05 
Reduced Frequency (Hz) 
















1 Frequency (Hz) 10 





1.0E-03 1.0E-01 1.0E+01 1.0E+03 1.0E+05 
Reduced Frequency (Hz) 
1.0E+07 
-10C A OC • 10C • 20C • Master Curve at 20C 
Temp, C 








0.1 •) Frequency (Hz) -JQ 







1.0E+07 1.0E-03 1.0E-01 1.0E+01 1.0E+03 1.0E+05 
Reduced Frequency (Hz) 
• -10C A OC • 10C x 20C Master Curve at 20C 
Temp, C 









 Frequency (Hz) 1 0 









• -10C A OC 
1.0E+01 1.0E+03 1.0E+05 
Reduced Frequency (Hz) 
1.0E+07 
• 10C • 20C • Master Curve at 20C 
Temp, C 









0.1 1 Frequency (Hz) 10 













1.0E+01 1.0E+03 1.0E+05 
Reduced Frequency (Hz) 
• 10C • 20C Master Curve at 20C 
1.0E+07 
Temp, C 






0.1 1 Frequency (Hz) -\Q 





1.0E-03 1.0E-01 1.0E+01 1.0E+03 
Reduced Frequency (Hz) 
• -10C A OC • 10C • 20C 
1.0E+05 1.0E+07 
• Master Curve at 20C 
Temp, C 




1? 1.5E+04 ^ 





1 Frequency (Hz) 10 








1.0E-03 1.0E-01 1.0E+01 1.0E+03 1.0E+05 1.0E+07 
Reduced Frequency, (Hz) 
-10C A OC • 10C • 20C Master Curve at 20C 
161 
